The variability of the levels of atmospheric particulate matter PM10 and its composition is assessed in the rural and urban zones of Mexicali during fall and winter 2008-2009, using a low level volume Minivol sampler, with quartz and Teflon filters. During fall the Mexican norm was exceeded (120 μg/m 3 in 24 hr) in only two occasions, while in winter it was exceeded twelve times. The predominant component in fall was geological material with 62.5% for the rural zone and 48.5% for the urban one. In winter the geological material was also predominant with 65% for the rural zone and 54.4% for the urban zone. The aim of this work is the interpretation of the variability of the atmospheric PM10 particulate matter at two selected zones (urban and rural of Mexicali) during fall and winter, with emphasis on the chemical composition. The results suggest that the pollution in the urban and rural zones has common sources during winter whereas in fall the pollution has different sources.
Introduction
The battle against air pollution began since the invention of the steam machine and with that the industrialization * Corresponding author. and uncontrolled growth of the cities. The pollution problems in some cities reached a peak in 1948, when the high levels of air pollution, mainly by PM 10 and SO 2 , affected people living in Donara, Pennsylvania, USA [1] [2]. In Mexico City, air pollution is caused by the high levels of particulate matter and ozone, especially during the cold months [3] - [5] , and for this reason it is considered to be one of the most polluted cities in North America. Another region in Mexico where air pollution has caused health effects [6] is the binational region formed by the Mexicali and Imperial Valleys which are described as the most polluted by particulate matter, exhacerbing the norms by the US Environmental Protection Agency (EPA) and by the Secretaría de Medio Ambiente y Recursos Naturales (SEMARNAT) [7] [8] . It is important to comment that there has not been research on PM 10 in the rural area of Mexicali, although work has been done in urban and suburban areas of Mexicali and Calexico, which are part of the Valleys of Mexicali and Imperial, respectively.
Particles smaller than 10 µm (PM 10 ) are solid or liquid in nature, and are dispersed in the atmosphere, mainly with a pH > 7 and are a product of uncontrolled combustion [9] . In relation to the formation mechanism, the particles are emitted to the atmosphere (primary) or generated by chemicals reactions (secondary) [10] . These chemical reactions may consist of the interactions between precursor gases in the atmosphere to give rise to a new aerosol by adsortion or coagulation [11] .
In Mexicali, Baja California an important number of human activities have aggravated the pollution problems [12] , these range from the excessive use of old cars to the burning of agricultural waste at the Imperial and Mexicali Valleys. In that respect, according to measurements made in 2002 and 2006 in the region, Mexicali is rated amongst most polluted cities by PM 10 in the country, only rivaled by the metropolitan zone of Mexico City [6] [13] . The official Mexican norm NOM-025-SSA1-1993 establishes the guidelines to evaluate the air quality of the environment, in relation to PM 10 . It explains that the permitted value for 24 hours is 120 μm•m −3 and 50 µm•m −3 annually. Measurements in the Valley of Mexicali from 1997 to 1999, showed that the norm limits were exceeded more than 20 times as compared to 40 times between 1999 and 2008 [14] .
Previous work in Mexicali showed that winter is the most critical season for air pollution [12] [15]. The major levels of air were found on the 12th and 25th of December during the Christmas festivities and the 1st of January, due to celebrations of the New Year [15] . The objective of this work is the interpretation of the variability of the atmospheric particulate matter at two selected zones (urban and rural of Mexicali) during fall and winter, with emphasis on the measurements of PM 10 and its chemical characterization.
Materials and Methods

Study Site
Mexicali, is the capital of the state of Baja California with a population of 936,145 [16] . The annual average rain is 75 mm. The averaged temperature in summer is 38˚C with maximum temperatures of 52˚C and an annual averaged temperature of 23˚C. January is the coldest month with a monthly averaged temperature of 12.7˚C [17] . The predominant wind direction during the year in the fall is East-Southeast, while in the winter it is Northwest.
Sampling Sites
The work was carried out from 5 September to 5 October 2008 (fall) and from 1st to 31st January 2009 (winter). Two sampling sites were selected considering the environmental characteristics; one in the urban zone of Mexicali (32.631183˚N, 115.444803˚W) and the other one in the rural zone of the Valley at the Guadalupe Victoria Village (32.631183˚N, 115.444803˚W), located 43 km south of city (Figure 1) . Two samplers were installed in each place: In the urban zone they at the Institute of Engineering of the Autonomous University of Baja California, based on its central position within the urban area of Mexicali where three main boulevards meet (Lazaro Cárdenas, Independencia and Benito Juárez). Whilst in the rural zone they were installed on the roof of a house surrounded by agricultural fields in the proximity of the Nuevo Leon Village, where also a meteorogical station is located.
The PM 10 samples were collected with a set of low volume samplers Airmetrics (5 l•min −1 ) using two types of filters: 47 mm Whatman 2 µm Teflon for gravimetric analysis and of quartz for chemical analysis. The equipment was calibrated at the beginning and at the middle of the sampling process with a digital manometer.
For the gravimetric analysis, the filters were prepared in a desiccator for 24 hours and weighed using a Sartorius ME 36 microbalance, before and after the sampling in a laboratory with optimum conditions of relative hu- midity (30% -40%) and an averaged temperature (20˚C -23˚C). A 10% of blank filters or standards were taken for the field and the laboratory. The sampling lasted 24 hours, every other day and it was programmed to start at midnight. For the fall campaign 28 samples were taken at each site (14 Teflon and 14 quartz filters), whilst in the winter season 32 samples were taken at each site (16 Teflon and 16 quartz filters). The difference in the number of samples between fall and winter was due to the rain and the difficulty of access to the sampling site.
The study of the PM 10 concentrations was done considering the gravimetric information already obtained and the meteorological variables taken at the sampling site (atmospheric pressure and temperature) every 5 minutes at the meteorological station of the UABC for the urban zone and every 24 hours from the rural meteorological station. The Teflon filters were used to determine gravimetry utilizing the micro balance Sartorius ME-S-F and the concentration of chemical elements (F, Mg, Al, Si, K, Na, Ca and Cl) and to perform X Rays Dispersion Spectroscopy (EDX) coupled with a scanning electronic microscope (MEB) JEOL 6060, to identify the morphology of the samples. The latter was performed externally at the Skyworks plant in the city of Mexicali.
On the other hand the quartz filters were used for anions analysis (Cl 
Results
PM10 Concentration
During the two monitoring campaigns daily averaged PM 10 concentrations were sampled. For the fall season the following averages/ranges were obtained at each of the sampling zones: for the urban zone 54. [15] and [18] mentioned that Teflon filters should be used to carry out the times series analysis of PM 10 . Considering the Mexican Official Norm NOM-025-SSA1-1993 for PM 10 (límit of 120 µg•m −3 ) in Figure 2 , it can be seen that during fall, there was just one violation to the norm in the urban zone (131.5 µg•m ) on 27 September. During the fall the winds in the urban zone were predominantly blowing from East to South-West, while for the rural zone they came from the Southeast to East-Southeast (Figure 3) .
Times Series
In contrast to fall, in winter (Figure 4) , in the urban zone there were 6 samples that exceeded the norm on 3, 5 and 7 January (155.1 µg•m with a mean of 220.6 µg•m −3 and finally 160.6 µg•m −3 on 31 January. The wind direction for the urban zone was predominantly from the East-Northeast and Southeast, whilst for the rural zone it came from East-Northwest and Northeast (Figure 5 ).
Chemical Analyses
The chemical components were classified as geological material (GM), organic matter (OM), mineral salts (salts) elements and trace compounds (ETC), ammonium nitrate (NH 4 NO 3 ) and ammonium sulphate ((NH 4 ) 2 SO 4 ). The OM was estimated as 1.2 times the organic carbon, the elemental carbon (EC) as 1, the NH 4 NO 3 as 1.29 times NO 3 , the (NH 4 ) 2 SO 4 as 1.375 2 4 SO − and the geological material as 1.89Al + 2.14Si + 1.40Ca + 1.43Fe [12] . The trace elements were calculated as 1.65Cl.
During fall, in the rural area ( Figure 6 ) the major chemical component trapped in the filters was GM with 62.5% of the total, as a product of the dust from the desert, dust re-suspension from the crop fields and the roads. The second in abundance was OM with 19.1% as a product of burning residuals like woods, residential and agricultural waste. In third place is EC with 9.6% produced mainly from anthropogenic sources, like motor vehicle emissions, combustion products from brick kilns amongst others. Finally, the ETC were 3.9% magnesium and 2.5% (NH 4 ) 2 SO 4 coming from fertilizers and pesticides utilized in agricultural activities. In the urban zone GM is the main component with 49.5% probably derived from unpaved or unconstructed properties in the city, road dust and sand storms from the desert. The second most abundant component is OM with 22.9% probably derived from coke burning at barbicue shops, wood burning and food cooking; in third place is EC with 11.5% as a result of combustion inefficiency of the motor cars powered by fuel or diesel, followed by the ETC with 5.3% magnesium, 5.1% (NH4) 2 SO 4 and last NH 4 NO 3 with 4.3% (Figure 7) .
During winter an increase in OM is observed for the urban zone, but not as much for the rural zone where there is a decrease in OM. The major chemical component for the rural zone (Figure 8 ) is the GM with 65.0% as a result of the re-suspension of the desert dust followed by OM with 19.3%, due to the use of wood to warm the households and to the burning of residential waste. The EC represent 9.7%, probably produced by motor vehicles, followed by NH 4 NO 3 with 2.1% and (NH 4 ) 2 SO 4 with 1.8%. For the urban zone the main component is the GM with 54.4%, followed by OM (28.3%), EC (14.1%), ETC (1.3%) and salts (1.0%) (Figure 9 ). 
Statistical Analyses
The statistical analyses were made using Statistica 7 Stat Program to verify whether there was a similarity between the source of the particulate material between the urban and the rural zones of Mexicali. By applying the "t" student test to all the data of each zone, one can assess the probability of similarities between the two sites. During winter the study sites had a very close relationship with a p value of 0.02. On the other hand during fall the p value was much higher 0.9. These results suggest that the pollution in the urban and rural areas has common sources during winter, whereas in fall the pollution is quite different.
Discussion
The highest values of PM 10 during fall were obtained in the rural zone, whilst in winter they were found in the urban zone. In winter at the urban site the results mostly exceeded the guideline values of the Mexican Norm, in response to the increase of pollutants in the city during winter [15] . Already in 2000 and 2005, [19] mentioned that the cities of Mexicali, B.C. and Calexico, CA were exceeding the annual Mexican Norm for PM 10 (50 µg/m 3 ), whilst in the Proaire Mexicali Report [14] an increased air pollution was reported for 2008, classifying Mexicali as one of the most polluted cities in Mexico.
In contrast to winter, the limits of the official norm for PM 10 were exceeded only in two occasions during fall: one sample in the urban site and one in the rural site. However, 12 samples showed higher PM 10 concentrations than the norm in both sampling sites. The explanation for this increase is that during winter, wood and residential waste is traditionally burned in December in the urban zone and throughout the season in the rural zone. [8] discussed several reasons for this increase of PM 10 in the region based on burning of agricultural residuals, wood and residential waste, barbecue shops, unpaved and paved roads and the deficient combustion of abundant old vehicles. On the other hand, [15] mentioned that the cause for this increase in PM 10 pollution was the use of firecrackers and wood burning. [18] determined that the pollution by PM 10 was originated from the soil of the region, motor vehicles combustion, wood burning, industrial sources, power plants, glass processing plants and marine aerosols.
The results obtained in the present study indicate that most of the air pollution is derived from GM (48.5% -54.4% in the city and 62.5% -65.0% in the rural zone during fall and winter respectively). This result is similar to the one obtained previously by with 55.6%, but different to that by [12] , were 70.4% of GM during fall for the urban zone was reported.
The second main contributor for PM 10 pollution was OM, with accounting for 28% in the urban zone and 18.8% in the rural zone during winter; and just 22.9% of OM for the urban zone and 19.1% for the rural zone during fall. For the rural zone [18] described that 26.1% was coming from OM similar to the present study, not much as the work by [12] where 7.6% from the urban zone was derived from OM.
The third most important component was EC with 9.6% in the rural and 11.5% in the urban zones during fall, which is similar to [12] 12.9%. However, [18] found only 2.9% EC, less to what was found in this work. On the other hand, for winter, the EC was reported at 9.7% and 14.4% for the rural and urban zones respectively.
The percentage of salts reported in this study (1.7% in the rural zone and 1.0% in the urban zone) is slightly lower to the 3.4% reported by [18] and similar to 1.7% found by [12] during fall and winter.
The main component found in the present research is GM, similar to what [18] and [12] reported, in relation to particulate matters levels, which are present specifically in the winter season. Concerning wind directions during our sampling they are similar to those found by [12] and [15] . However, these authors suggested that there is border transport of particulate matter and the present work found that the pollution sources are common for the rural and urban zones.
Conclusions
The urban and rural zones of Mexicali do not have a satisfactory air quality during fall less so during winter. The main reason for this is different for each zone. During fall the PM 10 pollution is mainly produced by GM from the barren agricultural soil being condition for production, from the unpaved roads and the re-suspension of dust from paved streets in the urban zone. During winter the PM 10 derived from GM was greater than in fall.
The OM is originated from wood burning in the urban zone and agricultural residual burnings in the rural zone. The pollution from anthropogenic sources is related to motor vehicles, although during fall it is s lower, especially in the urban zone.
It is important to mention that the PM 10 concentrations associated to the urban zone is related to the close vecinity of two major avenues (Benito Juarez and Lazaro Cardenas) where hundreds of cars are driven every day, This particular setting within the city could have contributed to the increase of PM 10 generated by the car vehicles combustion and/or from the resuspension of street dust generated by the cars passing by, besides the dust generated in the surrounding urban zone. In the rural zone however, there were other contributors of PM 10 , such as unpaved roads, burning of agricultural residuals and brick kilns.
Based on these results and the statistical analysis, it is emphasized that the pollution in the urban and rural areas has common sources during winter whereas in fall the pollution is quite different.
The current investigation does not support the idea of transborder transport of particulate matter as it has been shown by [15] and [18] in their research work.
These results are similar to those of [18] for the urban zone of Mexicali. This is explained in terms of the years past by where the chemical composition of the particulate matter of the region has been diversified, although the pollution has not been reduced, moving from a natural pollution associated to the region to another one caused anthropogenically, increasing OM (fossil) and EC (motor vehicles).
